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ZOOLOGY .—On the relations of the sectional groups of Bulimulus 
of the subgenus Naesiotu Albers. Wt4t4AM HEALEY DALL, 
U. S. National Museum. 

The Naesioti are developed in considerable profusion in the Gala- 
pagos Islands. They are related to the small translucent ground 
snails of the genus Bulimulus, which are common to the elevated 
forest region of South America nearest to the islands and which 
were probably transported originally to the Galapagos group by 
high winds while attached in a state of hibernation to dead 
leaves or similar light material. After reaching the islands their 
opportunity for evolution into a variety of types was fostered by 
isolation, differences of food supply and the modifications due. 
to volcanic dust from the disintegrating lavas. In a report to: 
the California Academy of Sciences on the species collected by 
Mr. W. H. Ochsner of their Galapagos expedition, prepared in 
1916, but still unprinted, their relation to situs, distribution 
among the islands, and apparent protective modifications are 
discussed at length, and in 1896' some of the probable causes of 
the peculiarities developed in such insular faunas were considered. 
Nothing in the landshell fauna lends weight to the hypothesis 
that these islands were ever connected by land with the continent 
of South America. The Tertiary fossils obtained by the Cal- 


1 Insular landshell faunas especially as illustrated by the data obtained by Dr. 
G. Baur in the Galapagos Islands. Proc. Acad. Nat. Sci. Phila. August, 1896, pp. 
395 to 459, pl. 15-17. Also supplementary data in the same periodical for 1900, 
pp. 88-96, pl. 8. 
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ifornia Academy’s Galapagos Expedition also indicate that iso- 
lation was complete at least as early as Pliocene time, and present 
an interesting admixture of west American and Indo-Pacific 
types. 

By their superficial characters these shells are easily divided 
into more or less closely related groups, some of which are re- 
stricted in their range to particular islands or groups of islands. 
Sectioning reveals that some of these are more emphatically char- 
acterized by internal structure, the possession of internal laminae 
not visible from the aperture and features of the columellar axis. 
Of these groups at least fifteen are recognizable, and several of 
them are so well marked as to have received names from the earlier 
students. Only in recent years has the fauna been sufficiently 
well known to enable the less emphatically characterized groups 
to be recognized, and I believe no one hitherto has made a sys- 
tematic study of the internal characters of the shells while the 
first contribution to a knowledge of their anatomy was contained 
in my monograph of 1896. A summary of the groups follows. 


Group of N. achatellinus Forbes (Rhaphiellus Pfeiffer, 1851). 

This species is strictly arboreal and appears to be rare. As with 
the Achatinellas it exhibits more attractive coloration and variability 
of pattern than the ground-loving species. The axis is tubular and 
quite simple. 

Group of N. nux Broderip (Naesiotus Albers, 1850). 

N. nux Broderip, with five varieties. 
N. asperatus Albers (not of Reibisch). 
N. bauri Dall. 

These are chiefly arboreal, living on trees and bushes but descending 
to shelter on the ground, in some cases, for hibernation. They are 
confined to Charles and Chatham Islands and their associated islets. 
The axis in general is slender, partly twisted and simple, the anterior 
portion tubular. The aperture is unarmed, the surface dull and 
wrinkled, the form stout, and the shell substance solid. 

Group of N. planospira (Granucis n.). 

N. planospira Ancey. 

N. rugulosus Sowerby. 
N. invalidus Reibisch. 
N. approximatus Dall. 

This group is confined to Charles Island so far as authentic records 
go, except approximatus, which hails from Hood Island and differs 
in surface from the others. These shells are more elevated and delicate 
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than the preceding group, the surface spirally more or less sharply 
striate, often forming a fine granulation with the incremental lines. 
There is a tendency to banding in the coloration. The axis is solid and 
twisted behind, the later part tubular and larger. The aperture is 
unarmed. Only approximatus lacks the spiral striation, if the single 
specimen available is normal. 
Group of N. ustulatus (Nuciscus n.). 

N. ustulaius Sowerby, with five varieties. 

N. caluus Sowerby, with one variety. 

N. elaeodes Dall. 

N. haemerodes Dall. 

N. pallidus Reibisch. 

N. cinerarius Dall (+ cinereus Reibisch). 

N. rugatinus Dall (+ acutus Reibisch). 

N. jacobt Sowerby. 

N. tanneri Dall. 

N. perrus Dall. 


This group is near the presumed original ancestor and is most widely 
distributed among the islands, being particularly numerous on the largest 
island, Albemarle. The shells are small, robust, rather stout and short, 
with fine spiral striations to which in dusty situs is added strong cor- 
rugation of the surface. There is a tendency to a pale band at the per- 
iphery and the species vary from whitish to brown. They are mostly 
ground lovers but ascend the bushes to some extent during the season 
of rains. The aperture is unarmed, the axis wholly tubular and hardly 
twisted. 


Group of N. hoodensis Dall. 


This is represented on the islands, as far as known, by a single species 
which resembles the continental type more than the other island forms. 
It is rather brightly banded and the adult has a thickened and reflected 
peritreme, a feature unique among the island species. 


Group of N. untfasciatus (Reclasta n.). 

N. unifasciatus Sowerby (not Reibisch). 
N. olla Dall, with one variety. 

By their thin and capacious shells these are readily separable from 
the other groups. They tend to brownish or dingy olive color with 
pale peripheral band. They are well distributed among the islands 
and in the active state appear to frequent shrubbery. They are finely 
axially wrinkled, polished and obscurely spirally striated with an occa- 
sional elevated line of granules which in the young bear short hairs 
which soon drop off. The aperture is unarmed and the axis as in the 
section Nuciscus. 


Group of N. eschariferus (Adenodia n.). 
N. eschariferus Sowerby, and one variety, pileatus. 
N. ventrosus Reibisch. 
N. subconoidalis Ancey. 
N. perspectivus Pfeiffer. 
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‘These are residents of the more arid zone, mostly found under rocks, 
etc., and, like many of the other ground lovers, sometimes finely gran- 
ulose. The shells are thin, slender, elevated, usually polished, but in 
the variety pileatus the periostracum is raised into close low dull spiral 
lamellae. ‘Traces of these may be noted on some of the polished speci- 
mens, and in all the apical whorls are sharply tranversely ribbed. 
The peritreme is slightly expanded, the axis tubular, slender, and quite 
simple. The distribution is rather scattered. 

Group of N. snodgrassi (Stemmodiscus n.). 

N. snodgrasst Dall. 
N. cucullinus Dall. 
N. galapaganus Dall. 

This group is confined to Hood, Gardner, Charles, and Barrington 
Islands, and externally is not to be distinguished from Adenodia. 
The internal structure is entirely different. The earlier part of the 
axis is simple and tubular as in many other Galapagos species, but in 
the first half of the last whorl, invisible from the aperture, a semi-cir- 
cular disk-like flange projects (in the type) at right angles to the axis 
into the lumen of the whorl and about half way toward the outer wall 
of the whorl. This dwindles in front and behind into a short plaitlike 
ridge on the axis which does not enter the penultimate whorl or reach 
far enough forward to become visible from the aperture. This ar- 
rangement recalls the lamina in Phenacotaxus umbilicatellus Pilsbry, 
of Peru, except that it is confined to the first half of the last whorl, 
while in the Peruvian shell the lamina occupies part of three whorls 
and has its major expansion in the penultimate whorl.? In N. cucullinus 
the flange is shorter, rounder and less prominent than in N. snodgrassi, 
while in N. galapaganus it is thick and rounded. 


Group of N. amastroides (Olinodia n.). 
N. amastroides Ancey. 
N. nucula Pfeiffer. 
N. trogonius Dall. 

This group of small greenish-olive, ground-loving species is known 
from Chatham, Charles, and Albemarle Islands. It must be rather 
close to the presumed ancestral type. The axis is simple, slender and 
twisted. 


Group of N. simrothi (Saeronia n.). 
N. simrothi Reibisch. 
N. tertuganus Dall. 
N. albemarlensis Dall. 

This is a group peculiar to Albemarle Island and its associate islets 
as far as known; ground loving, found under leaves and on low bushes, 
and in the grassy zone. They are small, short and stout, dull surfaced, 
more or less roughly wrinkled or corrugated, the adults having a 


2 Smiths. Misc. Coll. 59: No. 14, p. 9, figs. 2. 1912. 
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nodule on the pillar and an inward projection on the middle of the 
outer lip. The axisis thin, slender and twisted except in the last whorl 
and usually has a purple stain on it not visible from the aperture. 
The figures named simrothi in my monograph of 1900, are really taken 
from specimens of tortuganus, a correction made possible by the re- 
ceipt of authentic specimens of simrothi. 
This group initiates the series of species with apertural armature 
which renders the group of Naesiotus so peculiar. 
Group of N. wolfi (Ochsneria n.). 
N. akanatus Dall. N. alethorhytidus Dall. 
N. adelphus Dall. N. cymatias Dall. 
N. wolfi Reibisch. N. ochsneri Dall. 
N. lycodus Dall. N. saeronius Dall. 


This group is confined to Indefatigable Island, and is a denizen of 
the arid zone though occasionally found on trees during the rainy season. 
The form is short and stout, the surface more or less corrugated, in 
some species to an extraordinary extent; there is a strong nodule on the 
pillar, another on the body, both usually more or less prolonged as a 
ridge into the interior of the last whorl; and sometimes one on the outer 
lip. N. saeronius is one of the smallest of the Naesioti. All the species 
are unusually solid. 

Group of N. duncanus (Granitza n.). 

N. duncanus Dall. 
N. jervisensis Dall. 
N. darwini Pfeiffer. 

These species are found on James, Jervis, Duncan, and possibly 
Bindloe Islands. The shells are large, thin, short, with feeble tubercu- 
lations on the pillar, body and outer lips. The upper part of the axis 
is very slender and twisted. Only N. darwini has been found living. 


Group of N. sculpturatus (Granella n.). 
N. sculpturatus Pfeiffer. 
N. rabidensis Dall. 
N. rugiferus Sowerby. 
N. naesioticus Dall. 
N. reibischi Dall. 
N. nudus Reibisch. 

These forms are known from James, Rabida (or Jervis) and Inde- 
fatigable Islands. The doubtful N. nudus is reported from Charles 
Island. They are irregularly axially ribbed, sharply spirally striate, 
granulose and corrugated, slender and thin, with unarmed aperture, 
slender and more or less solid twisted axis and numerous whorls. They 
indicate the transition from the more normally formed species toward the 
peculiarly shaped Pleuropyrgus. 

Group of N. chemnitzioides (Pleuropyrgus Martens). 

N. chemnitzioides Forbes. 
N. lima Reibisch. 
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N. habeli Stearns, and variety terebra Reibisch. 
N. indefatigalilis Dall. 

This group appears to be restricted to the arid zone of Chatham 
Island, except the last species which is reported from Indefatigable 
and James Islands. The species are very slender, with very numerous 
whorls usually axially ribbed, with a solid slender and twisted axis 
and unarmed aperture. 

Group of N. canaliferus (Pelecostoma Reibisch). 

N. canaliferus Reibisch. 

This peculiar species has been found by Wolf only on Chatham 
Island on moss and ferns at from goo to 2000 feet elevation. It has 
numerous flat-sided short whorls, a basal attenuation with a relatively 
large funicular umbilicus, and a prominent flange on the pillar, which on 
sectioning the shell is seen to continue as a strong concave plate, sur- 
rounding the axis and continued into the penultimate whorl, gradually 
becoming less prominent. Specimens were obtained by Ochsner from 
the dry zone, near the beach to 450 feet elevation. Reibisch’s second 
species of Pelecostoma is Tornatellina chathamensis. 


GEOPHYSICS.—The internal constitution of the earth. WALTER 
D. LAMBERT, U. S. Coast and Geodetic Survey.’ 


The title of this paper, ‘“The internal constitution of the earth,” 
was chosen chiefly for brevity. Many of the topics included 
under that comprehensive heading I shall not touch on at all, 
and shall deal chiefly with the mechanical properties of the matter 
in the interior of the earth, and more particularly with its density 
and its elasticity. 

The view that generally prevailed down to recent times and 
that still persists to some extent as the dictum of popular science 
is that the interior of the earth is fluid and fiery hot, like molten 
lava. ‘The volcanoes seem to be offering us samples of the matter 
within; mediaeval theologians saw in the hot interior of the 
earth the future abode of sinners. The molten mass of the 
earth is assumed to have cooled to some extent, thus forming on 
the outside a crust of undetermined thickness, upon which we 
live. 


1 The substance of this paper was read before the Maryland-Virginia- District 
of Columbia Section of the Mathematical Association of America on December 6, 


1919. 
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The view that the interior is hot and fluid is certainly not 
wholly unsound. First, as to the heat. As far down as borings 
have been made into the earth, the temperature increases with 
the depth; the rate is very variable from place to place; 1° C. 
for each 35 meters may perhaps be taken as a fair mean, or in 
ordinary units say 1° F. for each 60 feet. The discovery of 
radium and of the great quantity of heat given out by even a 
minute quantity of it suggests the possibility that the heat sup- 
plied by radium may exceed the heat radiated into space 
so that the earth may be gaining instead of losing heat.2, What 
the temperature of the interior is we cannot say. If the rate of 
increase of 1° C. for each 35 meters should hold good clear to the 
center, the temperature there would be 180,000° C. Such a 
temperature does not agree with present ideas. Men of science 
do not talk of a solar temperature of millions of degrees, as did 
their predecessors of a generation or two ago. They are content 
to accept a solar temperature of a few thousand degrees, and our 
estimates of terrestrial temperatures must be correspondingly 
lowered. It is almost certain, however, that the temperature is 
high enough to melt rock under the surface conditions of pressure, 
but the increased pressure may raise the melting point so much 
that no actual liquefaction occurs. Volcanoes are supposed to 
be isolated ‘‘pockets’’ of molten matter unconnected with any 
central reservoir. 

As far as the fluidity is concerned, if the earth be not fluid, it 
acts in some ways as if it were.. It seems improbable that a gravi- 
tating body the size of the earth and composed of any species of 
matter with which we are acquainted should sufficiently resist 
as a whole the long-continued action of the stresses that would 
arise from any great departure from the conditions of fluid 
equilibrium. The flow of rock may resemble that of ice in a 
glacier, which is a process of rupture followed by reunion under 
pressure. The theory of fluidity, at all events, has served us 


2 The phrase “gaining heat” is used advisedly instead of “rising in temperature.” 
For a body sufficiently large, a rise in temperature would accompany a Jess of heat, 
owing to the gravitational work done in contracting. It is possible that the earth 
is large enough for this to be the case, so that a loss of heat would accompany a rise 
in temperature and vice versa. See Rupzk1, Physik der Erde, p. 118. 
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well in the past, and is very probably valid, if we understand it 
in the above sense, that for large stresses, long continued, the 
earth acts on the whole like a fluid body. 

The hypothesis of fluidity did not have the field all to itself, 
andfas a matter of «.:riosity I will mention some of the more ex- 
travagant of the competing notions. Some of you may have 
heard of “Symmes’s hole,’’* an opening at both poles, admitting 
to several layers of habitable spheres in the interior of the earth. 
Symmes apparently put forward his idea in all seriousness and 
asked for the fitting out of polar expeditions to find the entrance 
to this unexplored and desirable territory. Equally strange ideas 
have been put forward by men of higher scientific standing than 
Captain Symmes. The astronomer Halley supposed the in- 
terior of the earth to be hollow, with inner spheres much like 
Symmes’s, only with no hole to give access to them. These 
spheres were assumed to be magnetic, their rotation at a slightly 
different rate from that of the outer sphere causing the variation 
of the magnetic elements. A contemporary of Symmes, not as 
well known as Halley, conceived the idea of a magnetic planetoid 
within the earth. Benjamin Franklin, usually level-headed, 
supposed the interior of the earth to be filled with compressed 
air.‘ . 

Let us leave now these airy realms of fancy and consider what 
we know of the density of the earth. The rock on the surface 
is directly accessible. The extremes of rock density are about 
3-3 and 2.1; the mean for the earth’s surface as a whole may be 
put at 2.6 to 2.8. We can judge of the density below the levels 
accessible to us only by the mechanical effects of the matter 
of these inaccessible regions. One mechanical effect is the at- 


3’ The Symmes Theory of Concentric Spheres, demonstrating that the earth is hollow, 
habitable within, and widely open at the Poles. Compiled by Americus Symmes from 
the writings of his father, Capt. John Cleves Symmes. Published at Louisville, Ken- 
tucky, in 1878. Capt. Symmes served with credit in the War of 1812. 

* Convenient summaries of early speculations about the earth’s interior, with 
references to the literature of the subject, will be found in THrene, Temperatur 
und Zustand des Erdinnern (Leipsic, 1907), Chapter 1; and in GUntueEr, Lehrbuch 
der Geophysik, Vol. 1. Thiene’s version of Halley’s ideas is, however, erroneous. 


See Phil. Trans., 1692, p. 563. 
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traction, and from this the mean density of the whole mass of the 
earth comes out as 5.5 or 5.6. There are several steps in the 
determination of this mean density. We start with the equation 
that expresses Newton’s law of attraction 

fi : = = (1) 
where m, and mz, are the masses of two bodies, preferably homo- 
geneous spheres; 7 is the distance between the centers of gravity 
of the bodies, the linear dimensions of which are supposed to be 
infinitesimal compared with 7, unless the bodies be homogeneous 
spheres; f is the force with which these two bodies attract each 
other; and k is the so-called gravitation constant. The first 
step in determining the earth’s mean density is to determine k 
by a laboratory experiment. All quantities that occur in equa- 
tion (1) are measured under laboratory conditions, and k is 
thus deduced. One form of the experiment, in which we observe 
the deflection of a torsion balance caused by the near approach 
of a large mass, is known as Cavendish’s experiment. In the 
second step we use the same equation, with k now supposed 
known, to determine the mass of the earth. If m, be taken to 
represent this mass and m, the mass of another body near the 
earth’s surface, then r is very nearly the earth’s mean radius a. 
The force of attraction equals m2g where g is the acceleration of 
gravity, so that 
i k ma Me (2) 
which gives us m, in terms of known quantities. When the earth’s 
mass is known, its mean density is computed from its known di- 
mensions. 

Since the surface density is less than the mean density, some- 
where below the surface the density must exceed the mean. 
Just how that density is distributed from center to surface is a 
matter for hypothesis. One hypothesis often made is due to 
Legendre’ and is based on the idea of the compression of the mat- 


5 The law to which this hypothesis leads is often called Laplace’s law of density. 
Legendre and Laplace reached the same result from different starting points. See 
TopuHuntTeEr, History of the theories of attraction and figure of the earth, 2: 117 and 


meg 





126 ; LAMBERT: CONSTITUTION OF THE EARTH 


ter due to the pressure of the matter above it computed as for a 
fluid. The modulus of compressibility is assumed to vary as 
the square of the density. We naturally expect this modulus, 
which measures the resistance to compression, to increase rather 
rapidly with the density, and Legendre’s assumption is in accord 
with this idea and it has the further advantage of leading to 
fairly simple and manageable mathematical expressions. The 
density of p at any point whose distance from the center is x 
(x being expressed in units of the mean radius of the surface), 
is given by 
_ pisin (6x) (3) 

x sin 
where p; is the surface density and @ is a constant. 

Table 1 shows the values of the density and also of the hydro- 
static pressure » in megabars, a megabar being one million 
dynes per square centimeter or nearly one standard atmosphere. °® 


TABLE 1 
DENSITY, PRESSURE, AND MODULUS OF RIGIDITY ACCORDING TO LEGENDRE’sS LAw. 





: . Modulus of rigidity 
Distance Densit . : ? 
. y Hydrostatic pressure by Legendre’s law @ 

“ 


e P 





megabars Cc. G. S. units 
3.2 xX 41 X ro!! 
40 X r1o!! 
38 X 10!! 
34 X 10! 
29 X 10!! 
23 X 1o!! 
18 X ro!! 
13 X ro! 
8.4 X 10!! 
4.8 X 10"! 
2.3 X 10! 


Center 


0.0 
o.I 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 


On WRAY DH W 
coo O = & RVR WNW 


0.9 

Surface 1.0 
Mean (with regard 
to volume) .58 11.6 X ro! 


* For comparison: Modulus of rigidity of steel = 8 X 10"'; of glass = 2.5 X 
10!'; of surface rock (average) = 2.4 X 10"; all in C. G. S. units. 


a 
a 














337; also Pratr, Altractions and figure of the earth (4th ed.), p. 111. The starting 
point here adopted is that of Laplace rather than that of Legendre. 

® One megabar = 0.987 standard atmosphere of 76 cm. of mercury at sea-level 
in latitude 45°. 
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The value of @ used in computing the above table is 2.5066 
radians or 143.618°, which gives a flattening of 1/296.5. The 
column showing the modulus of rigidity will be explained later. 

Another effect of the arrangement of density within the earth 
is the precession of the equinoxes. Theory shows that the annual 
precession, which is known accurately from the long series of 
available observations, is proportional to (C—A)/C, C and A being 
principal moments of inertia of the earth. Evidently (C—A)/C 
depends on the distribution of density within the earth. With the 
law we have assumed, its value comes out 1/304.3. The observed 
precession requires more nearly (C+A)/C = 1/305.3. Agree- 
ment between computed and observed values can be obtained by 
increasing @ a little, thus changing very slightly the quantities 
in the above table and making the flattening equal to 1/297.2, 
which is in excellent agreement with the flattening derived from 
pendulum observations and from triangulation. 

It might be supposed that this agreement is at least some evi- 
dence that the type of formula assumed for the law of density 


is nearly correct. It is a curious fact however, that almost any 
law of density will do exactly as well, so far as any of our means 
of observation go. That is, assume any type of law that you 
please that gives a density decreasing from center to surface, 
for example: 


p =a — bx (4) 
a, b and c being constants to be determined, assume further that 
the hydrostatic equilibrium prevails and determine the constants 
a, b and c of your assumed law so that (C—A)/C shall be equal to 
its observed value 1/305.3, then your flattening comes out almost 
exactly 1/297.2. This fact was first observed to be true when 
various hypothetical laws were tried, and mathematical demon- 
strations have been given by Poincaré and others.’ These dem- 
onstrations set limits within which the flattening must lie for any 
permissible law of density, provided (C—A)/C hasits observed 


7 Poincaré. Figures d’équilibre d’une masse fluide (Paris, 1902). Chap. IV. 
VERONNET. Journal des Mathematiques pures et appliquées 77: 331. 1912. 
TISSERAND. Mécanique Céleste, 2: 221. 
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value, and the upper and lower limits are so close together and so 
close to 1/297.2 that our determinations of the flattening from pen- 
dulum observations or from triangulation are not accurate enough 
for us to say that one law of density represents observed facts 
better than another.*® 

We can take hold of the matter by the other end. Let us 
assume as the data of observation the values of the flattening, of 
(C—A)/C, of the mean density and surface density of the earth, 
and of the ratio of the centrifugal force of rotation to gravity at 
the equator, a quantity whose value has alreddy been tacitly 
assumed in our previous diScussions. Let us see what conclu- 
sions about the density are allowable. We are still supposing 
hydrostatic equilibrium, and for this to be stable, densities must 
increase with depth; let us further suppose that the density 
changes continuously and that the rate of increase diminishes 
as the depth increases. The limits of density shown in table 2 
have been derived by Stieltjes.° 

The data assumed as the basis of table 2 are not quite the same 
as for the previous table, but the difference is of little conse- 
quence. 

Before leaving the subject of densities, Wiechert’s hypothesis 
should be mentioned. Legendre’s law of densities and others 


8 The flattenings so far given have all been computed from formulas that are 
accurate only to small quantities of the first order in the ellipticity and the ratio 
of the centrifugal force at the equator to gravity there. Since these quantities are, 
respectively, about 1/297 and 1/289, it is seen that the terms of the second order, 
#. e., in the squares and products of these quantities, might very well affect the tenths 
or even the units in the reciprocal of the flattening. It happens, however, that in 
determining the flattening from the law of density and the rate of rotation, the effect 
of the terms of the second order is small, i. e., a few tenths only, and the general con- 
clusions hold good as stated. See reference to Véronnet in previous footnote; 
also Darwin, The theory of the figure of the earth carried to the second order of small 
quantities. Monthly Notices of the Royal Astronomical Society 60: 82. 1900. 
Scientific Papers 3: 79. In determining the flattening from pendulum observations 
the terms of the second order have a somewhat greater effect. 

® Archives néerlandaises (Haarlem, 1884) 19: 456. See also TissERAND, Mé- 
canique Céleste, 2: 227. 
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TABLE 2. 


Srre_tjes’ Limits OF DENSITY CORRESPONDING TO DIFFERENT DISTANCES FROM 


THE EARTH’S CENTER 











x Limiting densities. 

Center 0.0 7.6 12.2 
o.I 7.6 11.3 
0.2 7.6 10.4 
0.3 7.6 9.3 
0.4 7.6 8.9 
0.5 7-5 8.3 
0.6 6.9 7.8 
0.7 6.0 7.0 
0.8 5.1 5.8 
0.9 4.0 4.6 

Surface 1.0 2.6 2.6 








like it assume a continuous change of density from surface to 
center, as of chemically homogeneous matter under pressure. 
Wiechert!® assumes that the central portion or nucleus of the 
earth is of different material from the outer portion or shell, 
and that there is an abrupt change in passing from nucleus to 
shell. The nucleus is supposed to be cf metal, chiefly iron, and 
the shell of rock. In the mathematical form of the hypothesis 
the density of the iron nucleus is 8.206,'! its radius 0.78 of the 
earth’s radius; the shell is homogeneous also and of density 3.2. 
These figures are not entirely arbitrary; they are determined by 
making the mean density 5.58 and the equilibrium hydrostatic 
with both the flattening and the value of (C—A)/C conforming to 
their observed values. The supporters of this hypothesis adduce 
physical reasons in its favor which are not without weight, but 
into which I shall not enter. Apart from these it may be used, 
however, merely for mathematical convenience, as a first rough 


10 Nachrichten Kénigl. Gesellsch. Gottingen, p. 221. 1896-97. 
11 The density of iron is 7.8 under ordinary condition and we may attribute the 
extra 0.4 of density to pressure or to slight proportions of heavier elements. 
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approximation to an earth of continuously varying density, and 
sometimes it gives very nearly the same results as the hypothesis 
of a continuously varying earth. In some problems, particularly 
in the elasticity of the earth, the hypothesis is about our only 
resource, since the mathematical treatment is either beyond our 
powers or excessively complicated. 

To sum up: as far as concerns the density, we know the mean 
density and the average surface density with some accuracy; 
the density at a given distance from the center is not known, and 
the prospect of determining it from its gravitational effects does 
not seem good. Legendre’s law may be taken as, on the whole, 
the most satisfactory hypothesis, since it has a certain plausibility 
in its physical aspects and is mathematically convenient. 

The doctrine of the earth’s fluidity did not remain uncontested. 
The idea was put forward, and supported by mathematical rea- 
soning that the force causing the precession of the equinoxes 
could produce the observed result only if the earth were solid or 
at least had a very thick and very rigid crust over its molten 
fluid interior. Even Lord Kelvin’? for a while thought the 
argument sound but changed his view as the result of a talk with 
Newcomb. He says under date of September, 1876: ‘But 
doubt entered my mind regarding the so-and-so and so-and-so; 
and I had not completed the night journey to Philadelphia which 
hurried me away from our unfinished discussion before I had 
convinced myself that they were grievously wrong. So now I 
must request as a favor that each one of you on going home will 
instantly turn up his or her copies of the Transactions of the 
Royal Society for 1863 and of the first edition (1867) of Thomson 
and Tait’s ‘Natural Philosophy,’ Vol. 1, and draw the pen 
through,”’ etc., etc., naming the passages to be excised. What 
Lord Kelvin thought out that night on the train has been worked 
out in detail and published by Darwin'*. It appears from their 


12 Mathematical and Physical Papers 3: 320. 

13 DARWIN. On the precession of a viscous spheroid and on the remote history of the 
earth. Phil. Trans., Part II, 170. 1879. Scientific Papers 2: 36. See also Op- 
PENHEIM, Uber die rotation und prézession eines flissigen sphéroids. Sitzungsber. 
K6nigl. Akad. Wiss. Wien, Math. naturw. K1. 92: 528. 1885. 
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work that the precession of a solid earth would be practically 
indistinguishable from that of a fluid one. 

The first real evidence that the earth acts like an elastic solid 
rather than like a mass of fluid —at least in respect to forces acting 
over a short time only—came from the tides. The tides raised 
by the sun and the moon can be decomposed into partial tides 
falling into three classes: (1) Partial tides whose period is 
nearly a day; (2) partial tides whose period is nearly half a day, 
and (3) the so-called long-period tides whose period is nearly a 
fortnight or a month for the moon and six months or a year for 
the sun. With our present mathematical knowledge, we are 
utterly unable to predict, without recourse to observation, the 
tides of the first and second classes, the so-called diurnal and semi- 
diurnal tides, which are conveniently lumped together under one 
heading as the short-period tides. The diagrams in most text- 
books on astronomy intended to explain the origin of the tide 
generating forces almost inevitably suggest the idea that the tidal 
swelling travels round the earth keeping pace with the moon 
and remaining directly under it. Sometimes this statement is 
made in so many words, with qualifications for the effect of land 
barriers. This gives a very incorrect idea of the mechanics of 
the problem as far as it concerns the diurnal and semi-diurnal 
tides. Expressed in more mathematical form, the idea is that 
the ocean adjusts itself to the forces so that its surface is always 
an equipotential surface for the instantaneous field of force. 
The ability of the ocean to adjust itself thus to the forces de- 
pends on the depth and the period of the forces, and our actual 
ocean is far too shallow to adjust itself even approximately to the 
tidal forces with periods of half a day or a day. It appears to 
be otherwise with the long-period tides. 


Lord Kelvin assumed that we can predict the amount of their 
rise and fall for the case of a rigid earth from the known masses 
and distances and positions of the sun and moon, because as far 
as these tides are concerned, the time is sufficient to allow the 
ocean surface to become an equipotential surface for the tide- 
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generating forces. The assumption is not absolutely free from 
doubt, but the preponderance both of the argument and the ob- 
servational evidence is in its favor."* 

Let us accept the assumption and consider the consequences. 
We can predict these long-period tides for the case of a rigid 
earth; suppose the earth is not rigid at all but plastic, fluid in 
short, with a crust so thin as to yield to the pressure within and 
conform to the shape of the fluid within, which itself conforms to 
the tidal forces just as the water does. We measure the tides by 
the height of the water on the land. If the land yields as much as 
the water, no tide at all will be observed. If the earth is rigid, the 
full vertical tide should be observed. If the tidal forces make the 
earth yield, but yield as an elastic body, not as a plastic one, 
the observed tide will be intermediate between zero and the full 
theoretical amount for a rigid earth. From the observations of 
the long-period tides in various parts of the world, Kelvin’® 
deduced a rigidity probably between that of glass and that of 
steel. 

Mathematically parallel with the tides is the case of the zero 
of_a pendulum. The tide-generating forces are also the forces 
that deflect the plumb-line slightly from its mean position. 
Since the surface of a fluid is perpendicular to the plumb-line, 
as the plumb-line is deflected, the water tips to follow it so that 
in theory the water in a wash basin is subject to tides. Instead 
of using a wash basin, Prof. Michelson,'* of Chicago, used a long 
U-shaped pipe, and measured the changes in level by a delicate 


14 See DaRWIN’s articles Tides in the 11th edition of the Encyclopedia Britannica; 
also Love, Problems in geodynamics, p. 51 (Cambridge, 1911). The effect of the 
continental barriers is an argument in favor of the assumption, as is also the fric- 
tional effect. This effect is underestimated if the coefficient of viscosity alone be 
considered. See Harris, Manual of tides, U. S. Coast and Geodetic Survey, Ap- 
pendix 6 to Report of 1907, Part V, p. 273. 

1% See THomson and Tait, Natural philosophy (2nd ed.), 2: 422-60. A much 
larger number of observations is discussed by SchwkEypar, Beitrige zur Geophysik, 
9: 64. 1908. 

6 Journ. Geol. 22:97. 1914. Astrophys. Journ:, March, 1914. An important 
correction is given in Science, 50: 327. October 3, 1919. See also Astrophys. 
Journ., Dec., 1919. 
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method, depending on the interference of light. We can assert 
of the short-period tides of this artificial body of water, or of 
their mathematical analogue, the zero of the pendulum, what we 
cannot assert of the tides in the ocean, namely, that the water— 
or the direction of the vertical—adjusts itself to the forces almost 
immediately, so that we can predict even for these short-period 
motions of the water and the vertical what they should be for a 
rigid earth. Just as before, the observed movement is interme- 
diate between the zero to be expected for a plastic earth and the 
full theoretical amount for a rigid earth. Interpreted in terms 
of the elastic constants of the earth, the short-period tides, the 
pendulum, and Prof. Michelson’s pipe tides give about the same 
rigidity as the long-period tides of the ocean, or a rigidity a little 
higher. '’ 

We get information about the rigidity of the earth also from 
the phenomenon of the variation of latitude. The history of this 
question is interesting. It was shown by Euler’ that if by chance 
the axis of rotation of the earth should not coincide with the axis 
of maximum inertia, the former would shift its position, its pole 
describing a circle about the pole of the axis of inertia in a period 
of some 305 days, say 10 months, the exact period depending on 
the principal moments of inertia, which can be found with con- 
siderable accuracy from the phenomenon of the precession.'® 
The astronomical latitude and longitude are dependent on the 
position of the instantaneous axis of rotation, and if it shifts, 
they change. Astronomers naturally tried to test the invaria- 
bility of these latitudes by observation, but they looked either for 
a secular change or for a variation with Euler’s period.2” They 
did not find the secular change, but several times they seemed on 


17 The rigidity deduced in the article cited in the preceding footnote should be 
interpreted in the light of the later correction, and also with reference to what is 
said hereinafter in regard to the assumptions necessarily underlying a statement 
about the rigidity of the earth. 

18 Theoria motus corporum solidarum seu rigidorum. Greifswald, 1765. 

19 The number of sidereal days in the Eulerian period is the reciprocal of (C—A)/C, 
A and C being, as before, principal moments of inertia of the earth. 

20 See HELMERT, Hohere Geoddsie, 2: 394. 
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the point of demonstrating the reality of Euler’s motion, only to 
be disappointed each time as the observations that had looked 
so promising ended by negativing the period sought. Finally 
S. C. Chandler*! undertook the study of old observations with 
no presupposition as to the period, and found evidence of an 
annual period and of another period of about 14 months. The 
reality of these periods was proved by observations made specially 
for the purpose, and the matter is now being studied at a series 
of special observatories, the functioning of which has been some- 
what affected by the war. The annual period” is naturally 
explained by seasonal changes in the distribution of matter, 
such as the unsymmetrical growth of the load of ice and snow in 
the polar regions. The reason for the 14-month period was for a 
while a puzzle. ‘The idea of the earth’s elasticity was compara- 
tively novel then, and astronomers did not realize the natural 
consequence of that elasticity in prolonging the 1o-month Eulerian 
period. Newcomb” appears to have been the first to suggest 
the idea, and further examination confirmed it. The rigidity 
required was rather higher than previous estimates had given, 
greater than that of steel by a third to a half. 

I have been talking rather loosely of the elasticity of the earth. 
What I wish now to bring out is that what we get directly from 
tidal observations— and with these I include observations of the 
zero of a pendulum—and from the prolonging of the Eulerian 
period is not the modulus of rigidity or of compressibility of the 
earth as a whole or of any part of it, but simply two numbers— 
pure dimensionless ratios—which I shall call h and k, following 
a certain amount of precedent. To deduce from these numbers 
the elastic constants of the earth, we must make hypothesis as 
to the law of density within the earth, and as to the relation 
of the elastic moduli to each other and their law of variation 
within the earth. The theory of the numbers ) and k is quite 
simple; their interpretation so as to deduce from them the elastic 


21 Chandler’s work runs through several years of the Astronomical Journal, 11-22. 
1892-1902. The 14-month period is announced in 11, No. 249. 

22 The annual period proper, not the ‘“‘Kimura term.” 

23 Monthly Notices Royal Astron. Soc. 52: 1892. Astron. Journ. 11, No. 251. 
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constants of the earth is difficult and leads to such intricate 
mathematics that we have to be content with very simple hypo- 
theses about the elastic constants and with rough approximations. 

The forces that deform the earth have a potential variable 
with the time and place on the earth. Suppose this potential 
to be expanded in a series of spherical harmonics, and let us con- 
sider only that portion due to the spherical harmonic of given 
order, which we shall denote by W. For the tidal deformation 
W is of order two. At the surface of the earth the force acts 
against gravity (g) so that the vertical displacement of a single 
particle would be W/g. This quantity measures the vertical 
displacement of the equipotential surfaces due to normal gravity. 
If the earth were covered with a non-attracting fluid whose sole 
function would be to make manifest the instantaneous form of 
the surface of equilibrium by conforming immediately to the 
forces, W/g would be the height of the tide in this fluid at the 
time and place in question, and the quantity W/g may be called 
the ‘‘equilibrium tide,’’ due to the forces given by W. But the 
particles disturbed by the action of the forces are not weightless 
and non-attracting, which fact gives rise to new forces of the same 
type as these represented by W, but of different magnitude, the 
identity of type being, of course, a characteristic of the spherical 
harmonic expansion. These new forces cause further displace- 
ment which again cause new forces and so on indefinitely. The 
aggregate effect is, however, finite; the force called into being 
by a displacement of attracting matter is less than the force that 
produced the displacement. When equilibrium is attained,— 
we suppose that the period of W is long compared with the time 
necessary to adjust conditions to momentary equilibrium—the 
total vertical displacement of the equipotential surfaces at any 
point is no longer W/g, but a quantity of the same kind, hW/g; 
this defines h. h is a quantity such that hW/g measures the 
actual displacement when the displacement due to the equilib- 
rium tide alone is W/g. Further, owing to the rearrangement 
of attracting matter, the potential of the force acting is no longer 
W alone, but a larger quantity (1 + k) W; this defines k. k is 
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so taken that kW is the potential of the additional forces due to 
the rearrangement of matter. 

The quantities k and # have no necessary connection with 
elastic yielding. The yielding may be a plastic one and the 
nature of /: and k may be illustrated by using a result about the 
figure of the earth that is given in many works on mechanics.”' 
If a spherical body the size of the earth, but with its mass con- 
ceutrated at its center, its outer surface being defined by a non- 
attractive fluid existing for that purpose, were set rotating about 
its axis in 24 hours, the outer surface would take the form of a 
spheroid whose flattening is 1/578 or in more general terms 

ai w*a 
2g 
f being the flattening, g the acceleration of gravity, w the angular 
velocity of rotation and a the radius, so that w*a is the centrifugal 
force at the equator. The disturbing force is the centrifugal 
force of rotation, the potential of which is 


W = = cos*p 

@ being the latitude. Thus the swelling of the equilibrium tide 
at the equator is W/g, asit should be. Our actual earth, however, 
does not have its mass concentrated at the center. The rotation 
produces a swelling at the equator, which rearrangement of 
matter produces a force that draws still more matter to the 
equator and so on till equilibrium has been attained. When this 
has happened, our actual earth has a flattening of 1/297 instead 
of 1/578. The quantity + represents the ratio of the actual dis- 
placement to the equilibrium tide, or h = 578/297 = 1.95, 
for plastic deformation. Since the potential is proportional to 
the flattening, we have 


p = 1/297 — 1/578 





= 0.95. 


1/578 
2% EF. g., Pratt, Altractions and figure of the earth, 4th ed., p. 101; or THOMSON 
and Tait, Natural philosophy (2nd ed.), 2: 370 and 394. 
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In the actual case of elastic yielding the variation of latitude 
gives us the quantity k by itself. Tidal observations give us 
h—k, since the observed motion is to the theoretical motion for 
a rigid earth in the ratior—(h—k):1. The value of k from the 
variation of latitude is about 0.275. There are several diffi- 
culties in connection with the values of h—k deduced from 
the tides, which I have not mentioned; probably the best 
value is h—k = 0.29, from Michelson’s pipe. 

What we should like to be able to do is to find the theoretical 
values of h and k corresponding to any system of values, varying 
from point to point, of the earth’s density and elastic constants, 
so as to find by trial some plausible law of distribution that would 
fit the observations. What we are able to do is much less. 
The compressibility, in particular, introduces mathematical diffi- 
culties and the usual assumption is to make the earth incompres- 
sible. The errors due to this assumption are not so serious as 
might be supposed at first sight. If we further assume that the 
earth is of uniform density and has the same modulus of rigidity 
throughout the whole mass, its modulus of rigidity that will 
represent the lengthening of the Eulerian period comes out 
16.3 X 101! C. G. S. units. We can get rid of the assumption of 
uniform density by using Wiechert’s hypothesis of a metal nu- 
cleus and an outer shell of rock, assuming, which is not very 
satisfactory, that both nucleus and shell have the same modulus. 
The latter must be 11.7 X 101! to represent the latitude varia- 
tion.** The hypothesis of a continuous change of density ac- 
cording to Roche’s law*®, one of the many laws of density I 
mentioned earlier and one of the simplest, gives about the same, 
still supposing the rigidity constant. Roche’s law is the one law 
of continuously varying density for which the theory has been 
worked out, and a rather formidable theory it is—a differential 
equation of the sixth order, and twelve new transcendental 


functions defined by infinite series.*’ 

% For this result and the preceding one see Love, Proc. Royal Soc., A, 82: 73. 
1909. 

26 Roche’s law assumes that the density falls from center to surface proportionally 
to the square of the distance from the center, or c = 2 in equation (4). 
27 HERGLOTz. Zeitschr. Math. u. Physik 52: 275. 1905. 
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Thus we see that if we assume uniform density, we overestimate 
the rigidity necessary to produce a given effect; if we assume, 
as we have done, incompressibility also, we underestimate the 
rigidity, though as nearly as can be made out not to as great an 
extent as we overestimated it in the first case.** If we wish to 
take account of a variation in the modulus of rigidity as well as 
in the density, about our only resource is the Wiechert hypothesis 
of density and with different moduli for nucleus and shell. This 
introduces an extra unknown, and we cannot determine both 
moduli from the latitude variation alone. If we try to satisfy 
the tidal observations also, and use the value of h—k = 1/3 
formerly current, we get a modulus of 20 X 10"! for the nucleus, 
and 1 X 10"! only for the shell.*® Since a representative rigidity 
of natural rock at ordinary pressure is about 2.4 X 101, the 
rigidity of the shell seems too low. There seems to be a tendency, 
however, towards smaller values. of h—k than the 1/3 used above, 
of which Michelson’s 0.29 is an example.*® If these smaller 
values be accepted, it is easier to reconcile the modulus from the 
variation of latitude with that from the tidal observations, 
and with the known properties of rock. We should thus get a 
value of about 16 X 10" for the nucleus and about 4 X 10!! 
for the shell. You will understand by this time, I think, some- 
thing of the difficulties of the subject and the many assumptions 
that lie back of the statement, ‘““The rigidity of the earth is thus 
and so.” 

There are, as you know, two theories of elasticity; one favored 
chiefly on the continent of Europe, which may be called the 
“rari-constant”’ theory and the other generally accepted in Eng- 
land, the ‘‘multi-constant”’ theory. According to the first theory 
there is only one independent elastic constant for an isotropic 
elastic body, and the modulus of rigidity of such a body is 3/5 
of its modulus of compressibility. According to the second, the 


28 Love. Problems of geodynamics, Chap. VIII. Cambridge, 1911. 
29 Love. Proc. Royal Soc. 82: 82. 1909. ScHweEypar. Beitriége zur Geophysik. 


9: 76. 1908. 
30 For a downward revision of Schweydar’s h — k, see Mem. Coll. Science and Engi- 


neering, Kyoto Imp. Univ., 4: 114. 1912. 
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“‘multi-constant” theory, there is no necessary relation between 
the two moduli. Without trying to decide between the two 
theories, it may be said that in many cases the relation indicated 
by the “rari-constant” theory seems to hold approximately.*! 
If we accept the relation as holding, then any continuous law of 
density distribution is at the same time a law of distribution of 
the elastic moduli. The law of density gives a relation between 
the density (p) and the distance (r) from the center, and is like- 
wise a relation between r and ?, the pressure of the latter being 
hydrostatic, say p = f (r) and p = ¢(r). The modulus of com- 
pressibility M is defined by 
dp _dp. 
op M 

By eliminating p and , we get a relation between WM and ,, 
and 3/5 of M gives us the modulus of rigidity, », for Legendre’s 
law of density. The values of u obtained in this way for Le- 
gendre’s law of density were shown in table 1. Note that 
the surface value of » is almost exactly what we have taken as 
representing surface rock, and the mean value of u» (averaged with 
respect to volume) is almost exactly what was deduced from the 
variation of latitude with Wiechert’s law of density. 

These must be taken as of the nature of curious coincidences, 
for the logic by which these values of » were found is decidedly 
queer at first sight. If we assume hydrostatic pressure, we 
thereby assume zero rigidity. The next step is to deduce the 
modulus of compressibility from the law of density and the pres- 
sure, and to take 3/5 of the modulus of compressibility to be the 
modulus of rigidity, thus getting a rigidity quite different from 
zero. The contradiction is less flagrant if we take into account 
the element of time. The law of density is for pressure extending 
over a very long time—geologic time—the compressibility is the 
ultimate compressibility for that pressure. The tidal forces and 
those arising in the variation have a period of a few days or a 


31 That the relation holds good, or nearly so, for the matter in the earth’s interior 
is confirmed *by observations on earthquake waves. See Knorr, Physics of earth- 
quake phenomena, p. 251. Oxford, 1908. Also a recent paper by him in Proc. 
Royal Soc. Edinburgh. 39: 177. 1919. 
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few months. The modulus of compressibility for these stresses 
of short period would naturally be larger than the modulus of 
compressibility deduced from stress continuing unchanged over 
long periods,** and the modulus of rigidity which was zero for 
the long-continued forces might well be for the short period about 
3/5 of the corresponding modulus of compressibility. The con- 
clusion is that the numbers in the table are too small. The 
average of the tabular numbers agrees with what was deduced 
from the variation of latitude, but in the latter calculation the 
compressibility was neglected, leading to too small a result. 
This is another reason for believing the values in the table should 
be somewhat increased. ’ 
You see some of the difficulties in which the subject is involved. 
How much should those numbers be increased? I don’t know; 
by a variable amount, perhaps not more than twenty per cent, 
at a guess. As the conclusion of this discussion of the rigidity 
of the earth, I can merely express my opinion or feeling that the 
average rigidity of the whole earth is over 12 X 10", that the 
modulus of rigidity must increase with the depth below the sur- 
face, and that probably the figures of table 1, all increased slightly, 
will give a fair idea of the variations of the modulus of rigidity. 
Any discussion of the elastic constants of the earth would be 
incomplete without some mention of earthquake phenomena. 
Any adequate treatment of this, even a mere outline, would be 
impossible in the time available. The nature of the phenomenon 
may be described by saying that the earthquake shock is trans- 
mitted by radiations or waves analogous to those of sound and 
light. An ordinary elastic solid is a less specialized medium 
than the ether (if one dare mention the ether in these days of 
relativity), which transmits only the transverse vibrations of 
light, less specialized also than the air which transmits sound, 
for the modulus of rigidity of air is zero, and the air can transmit 
only the longitudinal waves (waves of condensation and rare- 


32 The modulus is the intensity of force necessary to produce a given deformation, 
and if the time be limited, it is natural to expect that the force reqyired will be 
greater. 
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faction, characteristic of sound). ‘The elastic solid can transmit 
both kinds of radiation at the same time. There is also a third 
kind of wave possible for which there is no familiar analogue. 
It is a surface wave whose amplitude diminishes rapidly with the 
depth, and its theory was worked out by the late Lord Rayleigh 
and by Lamb.** Seismologists discern in the records of their 
seismographs the preliminary tremors, which are separable into 
a first phase and a second phase, and the main shock. The 
first and second phases of the preliminary tremors are confidently 
identified by seismologists with the arrival of the longitudinal 
and transverse waves, which travel through the earth with 
velocities of about 12 and 6 kilometers per second, respectively. 
If the earth were homogeneous they would travel in straight lines 
but since this is not the case their paths are curved in a manner 
analogous to the curvature of a ray of light when passing through 
air of varying density. At surfaces of discontinuity there would 
occur reflections and refractions more complicated than those 
of sound and light because of the greater generality of the media. 
The main shock, called by seismologists the Jong waves, is believed 
to represent the arrival of the Rayleigh waves which travel more 
slowly than the other waves,*‘ and, furthermore, travel around 
the surface. 

The phenomena of the main shock are probably complicated 
by irregular reflections and refractions,*® and there is more dif- 
ference of opinion with regard to the main shock and its relation 
to the Rayleigh waves than with regard to the preliminary 
tremors. 

From observations at three observatories the focus, or point 
of origin, of an earthquake can be determined,*® and from the 
observed time that a tremor takes to travel from the focus to the 
point of observation, some interesting conclusions may be drawn 
as to the rigidity of the earth. 

33 RAYLEIGH. Proc. London Math. Soc. 17: 4. 1885; Lams. Phil. Trans. A. 
203: I. 1904. 

34 Their velocity is 0.92 times the velocity of the transverse waves, which, as has 
been indicated, are in turn slower than the longitudinal waves. 

3% WaLKER. Modern seismology (Longman’s Monographs on Physics), p. 51. 1913. 
% WALKER, op. cit., Chap. VIII. 
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To deduce the modulus of rigidity from the earthquake data 
we must make certain assumptions, but it may be said that all 
results point to a modulus of rigidity increasing with the depth 
from that of rock at the surface (2.4 X 101! C. G. S. units), toa 
value exceeding that of steel (8 X 101! C. G. S. units), and per- 
haps three or four times as great.*’ It should be noted that 
owing to the scantiness of data for a distance from the focus 
greater than 13,000 kilometers, the information derived from 
earthquake data is limited to an outer shell whose thickness is 
about one-half the earth’s radius.** This scantiness beyond 
13,000 kilometers or even smaller distances has long seemed to 
need some explanation beyond that of mere distance and in this 
connection attention may be drawn to Knott’s recent paper 
already referred to (footnote No. 31,p. 139), whichis one of unusual 
interest. He suggests as a possible explanation that the central 
core of the earth, with a radius equal to perhaps 0.4 that of the 
earth, may be non-rigid or nearly so, but highly incompressible. 

Even this very summary and dogmatic discussion has not 
covered even superficially the entire field. There remains the 
further discussion of the problem of the reason for the apparent 
fluidity of the earth for long-continued forces, and its rigidity 
under the action of forces of short period, also the theory 
of “‘firmo-viscosity’’ and its relation to the problem of 
viscosity and the retardation of the rotation by tidal friction. 
There remain also the hypotheses of various layers of fluid matter 
interposed between other layers of solid matter to satisfy this 
or that real or apparent result of observation. The subject of 
the interpretation of earthquake phenomena, extremely inter- 
esting both from a mathematical and a physical point of view, 
has been barely touched. Your patience and my knowledge 


37 The author has in hand some comparisons of the result of assuming the densities 
and moduli to be as given in table 1, together with similar comparisons for other 
laws of density, but the results are not complete. So far nothing has come to light 
to throw doubt on the general correctness of the opinion previously expressed in 
regard to the modulus deduced from Legendre’s law, at least for the outer parts of 
the earth. 

38 One-half the radius is the maximum depth below the surface of a chord of 120° 
of great circle corresponding to a surface distance of about 13,000 kilometers. 
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would be quickly exhausted before even a small part of what 
remains had been outlined. I can only leave the subject to you 
with the assurance that the field is fertile in problems worthy of 
the attention of the ablest mathematicians, and extremely 
interesting also in their physical aspects. 








— 


sey 





PROCEEDINGS OF THE ACADEMY AND AFFILIATED 
SOCIETIES 


WASHINGTON ACADEMY OF SCIENCES 


138TH MEETING 


The 138th meeting of the AcapEmy, the 22d annual meeting, was 
held at the Carnegie Institution of Washington on Tiiesday, January 13, 
1920. The meeting was called to order by Vice-President W. J. Hum- 
PHREYS. ‘The retiring President, F. L. RANSoME, then delivered his 
presidential address, entitled: Functions and ideals of a national 
geological survey. This address has been published in the JOURNAL, 10: 85. 

Following the address a business meeting was held. The Corre- 
sponding Secretary, ROBERT B. SOSMAN, reported that 37 persons had 
qualified for membership in 1919 and one former member had been 
reinstated. 4 resignations had been accepted, 3 of which were of non- 
resident members. The membership of the AcapEMy had increased 
during the year by 25, and consisted at the end of the year of 6 honorary 
members, 3 patrons, and 532 members, one of whom was a life member. 
The total membership was 541, of whom 331 resided in or near the Dis- 
trict of Columbia. 

The members*who died during the year were: JOSEPH BARRELL, 
GEORGE FERDINAND BECKER, JAMES MILTON FLINT, Mrs. PHOEBE 
APPERSON Hearst (patron), ABRAHAM JACOBI, ERNEST C. McKE vy, 
EDWARD CHARLES PICKERING, LOUIS VALENTINE PrRSSON, GAILLARD 
SHERBURNE ROGERS. 

The Corresponding Secretar also reported on the activities of the 
AcabDeEmy for the year 1919, and pointed out that the best quantitative 
index to the activity of such an organization was to be found in the num- 
ber of members per hundred per year who resign or permit their names 
to be dropped for non-payment of dues. This index, which reached a 
maximum in 1917 on account of war conditions, fell in 1919 to the lowest 
value in many years. 

The report of the Recording Secretary, WiLLIAM R. Maxon, was 
read by G. F. Loucuiin. The report summarized the 8 lectures that 
were delivered during 1919. 

The report of the Treasurer, R. L. Faris, showed total receipts of 
$4,929.75 and total disbursements of $3,861.12. The cash balance on 
hand at the end of the year was $1,480.02. The net increase in assets 
for the year was estimated at about $1,060.00. The investments of the 
ACADEMY have a total par value of $15,090.00. The cost of printing 
the JOURNAL in 1919 was about $2,550.00. 
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The report of the Auditing Committee, consisting of G. R. MAns- 
FIELD, WILLIAM BLuMm and F. C. Cook, was then read, and the reports 
of the Treasurer and Auditing Committee were accepted. 

The report of the Editors of the JouRNAL was read by J. FRANKLIN 
MEYER. 

The committee of tellers, consisting of I. G. Prmest, E. PosnyjaK and 
R. B. SOSMAN, reported that the following officers had been elected for 
1920: President, C. L. ALSBERG; Corresponding Secretary, ROBERT B. 
SosMAN; Recording Secretary, Wu..t1aAM R. Maxon; Treasurer, R. L. 
Faris; Non-resident Vice-Presidenis, JacQUES LoEB, ELIHU THOMSON; 
Members of Board of Managers, Class of 1923, . A. BAUER, T. Way- 
LAND VAUGHAN. 

The following Vice-Presidents, nominated by the affiliated Societies, 
were then elected: Philosophical Society, W. J. Humpureys; An- 
thropological Society, GEORGE M. Koper; Archaeological Society, ALES 
Hro.wicka; Biological Society, A. D. Hopkins; Chemical Society, C. O. 
Jouns; Society of Engineers, E. C. BARNARD; Entomological Society, 
S. A. RoHWER; Society of Foresters, RAPHAEL Zon; National Geographic 
Society, F. V. Covi..e; Geological Society, E. O. ULRICH. 

G. F. Loucuuin, Recording Secretary, pro tem. 


BIOLOGICAL SOCIETY 


602D MEETING 


The 602d regular meeting of the Biological Society of Washington 
was held in the Assembly Hall of the Cosmos Club on November 
29, 1919. 

Under the heading of ‘““Communications,”’ Dr. R. E. COKER presented 
a document issued by the Bureau of Fisheries, entitled The life history 
of the blue crab, by E.P. CHURCHILL, JR. In this paper it is brought out 
that spawning takes place in the south, so far as Chesapeake Bay is 
concerned; the young migrate north. After mating takes place, fe- 
males move to the south, and males remain in the north. 

Dr. H. C. OBERHOLSER called attention to the appearance on that 
day of Volume 1, No. 1, of the Journal of Mammalogy, the organ of the 
recently formed Society of Mammalogists. Mr. Oberholser also men- 
tioned, as a marked contribution to ornithological methods, a paper 
entitled Bird banding by systematic trapping, by S. PRENTISS BALDWIN. 
Although the experiments have been thus far conducted by a single 
individual, yet remarkable facts concerning the movements of birds 
have been learned. 

Dr. H. M. Smiru stated that he had observed a pair of swans and 
cygnets in a new nesting place, a small unnamed lake in Yellowstone 
Park. 

Dr. T. S. PALMER spoke of the condition of Osborn’s Caribou. About 
100 individuals in Jasper Park, Alberta, are all that are known to exist. 
Forty individuals in good condition were recently observed. He also 








——— 
==} nt - 


| 


| 
| 
| 
j 
| 





146 ; PROCEEDINGS: BIOLOGICAL SOCIETY 


exhibited a copy of the Journal of the Wild Bird Society, a new journal. 
Dr. PALMER also spoke of a List of the mammals of Siam by Nits 
GYLDENSTOLPE, of Sweden. This is one of a series of memoirs by the 
Natural History Society of Siam, and is unusual as a rather complete 
list of an extended country. 

Regular program: VERNON BaILEy, The bean mouse of Lewis and 
Clark, Maximilian, and others. ‘The speaker exhibited in glass bowls 
living individuals of the meadow mouse, white-footed mice, pocket 
mice, and a pocket gopher, captured in North Dakota and Minnesota, ~ 
and kept alive for the study of their habits. Mr. Bailey told of the 
beans procured from the Indians of the upper Missouri Valley by 
Lewis and Clark, Maximilian, Father De Swet, and other more recent 
travellers, and greatly prized by both Indians and whites as food. 
These beans are wild peanuts, growing underground, and gathered by 
some mouse or small rodent for a winter store of food. But the Indians 
find the food stores and appropriate them to their own use, paying for 
them by a return of corn or other food. Although the beans thus ob- 
tained have been known to white men for over a century, the species of 
mouse which stored them has not been determined until the past 
autumn, when Mr. Bailey took the mice at their store houses in close 
proximity to the stores of ground beans and artichokes. They prove 
to be a western form of our common eastern meadow mouse, Microtus 
pennsylvanicus. Mr. Bailey also told of many interesting habits of 
other species of the mice and gophers exhibited, and of his plans to 
continue the studies of such obscure small mammals in captivity until 
something is known of their every-day habits. A full account of these 
species will be published in his report on the Mammals of North Dakota. 

The paper was discussed by Dr. M. B. Warrk, Dr. A. D. Hopkins, 
Mr. H. C. OBERHOLSER and Mr. N. DEARBORN. 

A. D. Hopkins: The bioclimatic law. Dr. Hopkin’s paper, which 
was iJlustrated by maps and lantern slides, has been published in this 
JOURNAL, 10: 34-40. It was discussed by Mr. J. Korinsxy, Mr. H.C. 
OBERHOLSER, Dr. M. B. WaIreE, Dr. L.. O. Howarp and Mr. V. BAILEy. 


603D MEETING 


The 603d regular meeting (the goth annual meeting) of the Bio- 
logical Society of Washington was held in the lecture hall of the Cosmos 
Club on December 13, 1919, with President H. M. Smrru presiding, and 
21 persons present. 

The regular order was laid aside and the chair recognized Dr. T. S. 
PALMER, who introduced Mr. W. L. Sciater, of London, Editor of The 
Ibis, Recorder for the Zoological Record, and a prime mover for the Sys- 
tema Avium. Mr. Sclater spoke of the necessity of clearing the confusion 
as to nomenclature of birds which was in evidence in editing Jbis. 
Thus an authoritative list, ‘Systema Avium,’’ as it may be called, 
may be prepared to reduce the lack of uniformity as to the names of 
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birds, which is now quite prevalent. Differences of point of view of 
ornithologists and technical difficulties seem to be disappearing. 
The A. O. U. Check List is in the form desired, and the next edition 
should be one of the fundamental volumes. As to the Zoological Record, 
which is edited by the Zoological Society of London, a complete change 
in the manner of financing and collecting the data was necessitated by 
the action of Germany at the beginning of the war, and it was with 
great difficulty that the volumes of the Zoological Record for 1914, 
1915, 1916 and 1917 were issued. ‘The issue for 1918 is in press.. The 
subscriptions do not by any means pay for the cost of publication, and 
the Zoological Society is not able fully to make up the deficit. It is to 
be hoped that subscriptions, at least to the several sections, will be 
greatly increased, and that some of the stronger institutions in the 
United States may furnish assistance. 

On resuming the regular order, reports from the Treasurer, Mr. 
NED DEARBORN, atid from the Chairman of the Publishing Committee, 
Mr. Cuas. W. RICHMOND, were received and accepted. 

The election resulted in the choosing of the following officers for 1920: 
President, A. D. Hopxins; Vice-Presidents, NED HOLLISTER, VERNON 
BaliLey, A. S. Hitcucock and J. W. GipLey; Recording Secretary, 
A. A. Doo.iTrLe; Corresponding Secretary, ALEXANDER WETMORE; 
Treasurer, NED DEARBORN; Members of the Council, WILLIAM PALMER, 
H. C. OBERHOLSER, E. A. GotpMan, H. H. T. Jackson and S. A. 
RouwER. A. D. HopKins was nominated as Vice-President to represent 
the Society in the Washington Academy of Sciences. 

A. A. DoouiTrLe, Recording Secretary. 
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MATTERS OF SCIENTIFIC INTEREST IN CONGRESS! 

Following the rapid increase in influenza that took place in De- 
cember and January, Mr. FRANCE obtained unanimous consent, on 
January 26, to call up S. J. Res. 76, providing for the investigation of 
the causes and methods of prevention of influenza. Mr. K1nc opposed 
the resolution on the ground that it represented too much interference 
by the Federal Government in State affairs. Mr. Smoot opposed any 
appropriation larger than $250,000 (the original resolution called for 
$5,000,000), stating that not more than that sum‘ could possibly be 
spent in preventing the spread of the disease before the epidemic would 
be over, or the regular appropriation bill carrying funds for this pur- 
pose would be considered; but that, nevertheless, if $5,000,000 were 
appropriated, “every dollar of that sum would be spent before the end 
of the fiscal year.’”’ This apparent lack of confidence in the Public 
Health Service was combated, and the resolution supported, by Messrs. 
TOWNSEND, SmitH of South Carolina, Norris, CHAMBERLAIN, and 
others. The resolution was finally passed with an appropriation of 
$500,000, and was referred to the House Committee on Interstate and 
Foreign Commerce. 


On January 7 Mr. Harris introduced S. J. Res. 141: ‘“To enable the 
Public Health Service to cooperate with the States in the investigation 
and control of malaria in the United States;’’ referred to the Committee 
on Public Health and National Quarantine. 


The Joint Commission on Reclassification of Salaries, created by Public 
Law 314 of the Sixty-fifth Congress, requested in December an ex- 
tension of time from January 12 to March 12 in order that it might 
complete its report. H. J. Res. 263, introduced by Mr. Goop on De- 
cember 15 for this purpose, was passed by the House on December 19 
and by the Senate on January 6, but not without opposition. Mr. 
MANN stated in the House that “This is the most skilfully organized 
raid on the Treasury I have known. If I had my way about it I would 
bury the commission and the report beyond resurrection.” 


The rapid turnover in the Government's scientific bureaus, due to the 
lowered purchasing capacity of the dollar, coupled with the difficulties 
in the way of making corresponding changes in salaries, is reflected in a 
bill introduced on January 15 by Mr. STERLING, S. 3723: ‘To repeal 
the act prohibiting increased pay under lump-sum appropriations to 
employees transferred within one year.”” The bill was referred to the 
Committee on Civil Service and Retrenchment. 


1 Preceding report: This JOURNAL. 10: 54. 1920. 
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Volcanologists will be interested in a bill introduced in the House on 
January 19 by Mr. Raker, H. R. 11890: ‘For the protection and im- 
provement of the Lassen Volcanic National Park, California, and for 
other purposes.” The bill was referred to the Committee on Appro- 
priations. A similar bill was introduced by Mr. Raker during the 
First Session (H. R. 1120). 

The bill for a tariff on laboratory glass and porcelain ware, optical 
glass, and scientific, surgical, and dental instruments (H. R. 7785), 
which had been referred to the Senate Committee on Finance? came up 
for a hearing before a subcommittee consisting of Senators Watson, 
Curtis and THomaAs, on December 12 and 13, 1919. Manufacturers 
of glass and instruments were represented by Mr. C. G. FisHEr, 
President of the Scientific Materials Company; Mr. J. B. O’Brien, 
representing glass-blowers’ unions; Mr. J. M. Roperts, Secretary 
of the Scientific Apparatus Makers’ Association; Mr. H. F. Coors, 
of the Herold China & Pottery‘Company; and Mr. H. N. Ort, 
of the Spencer Lens Company. Manufacturers of surgical instruments 
were represented by Mr. C. J. PILLInG, of the George E. Pilling Com- 
pany, and Mr. E. J. Sovarxuy, of the J. Sklar Manufacturing Company. 
Consumers and the public were represented by Lieut. Col. M. A. 
REASONER and Col. F. F. RussELL, both of the Medical Corps, U. S. 
A.; Mr. H. C. PARMELEE, Editor of Chemical and Metallurgical En- 
gineering; Dr. C. E. McCune, of the University of Pennsylvania; 
and Dr. C. H. Herry, Editor of the Journal of Industrial and Engineer- 
ing Chemistry. Letters were also introduced from a number of manu- 
facturers and university professors of chemistry. All of the testimony 
favored the removal of the duty-free privilege, and the imposition of the 
duties on scientific and surgical instruments prescribed in the bill. 
Dental instruments were given only passing mention, and no arguments 
were introduced for or against their inclusion. Some of the opposing 
statements from universities, quoted by the Tariff Commission,’ 
were repudiated as having come from purchasing agents and not from 
members of the faculties. The only opposition to the bill at the hear- 
ings came from Senator THomas, Democratic member of the sub- 
committee, who stated his belief that the duties would be of little use 
in protecting these industries from German and Japanese competition, 
and that only a rigid license system would accomplish their protection 
as ‘‘key industries,’ which was the ostensible purpose of the bill. 

Hearings on the various tariff bills were re-opened before the sub- 
committee on January 27. 

A convention of the National Public Works Department Association 
was held in Washington on January 13-14, 1920, to make plans for 
expediting action upon the Jones-Reavis bill (S. 2232 and H. R. 6649) 
for a Federal Department of Public Works.‘ Ninety-five delegates, 
2 This JOURNAL 9: 389, 421, 562. 1919. 

3 This JOURNAL 9: 562. 1919. 
4 This JOURNAL 9: 422. 1919. 
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representing 124 organizations with an aggregate membership of over 
106,000, attended the conference. 


Representatives of Engineering Council appeared before the House 
Committee on Military Affairs on January 28, and urged, in connection 
with plans for the Signal Corps, that technical and scientific graduates 
be commissioned in that Corps, and that physicists and electrical en- 
gineers be employed to carry forward research on its problems. 


NOTES 


A grant of $5,000,000 has been made by the Carnegie Corporation 
of New York to the National Academy of Sciences. A part of the fund 
will be used to erect a building in Washington for the Academy and the 
National Research Council. The remainder will be made a permanent 
endowment for the maintenance of the Research Council and other 
work of the Academy. 


A popular exhibit of the wireless telephone was opened at the offices 
of the National Research Council, 1201 Sixteenth Street, on February 
6. The exhibit was installed by the American Telephone and Telegraph 
Company and the Western Electric Company, with the cooperation of 
the Signal Corps and the Air Service of the United States Army. The 
exhibit included special apparatus designed to reproduce the more funda- 
mental electrical discoveries of the nineteenth and twentieth centuries 
which have made possible the development of the wireless telephone, 
and moving line drawings illustrating the action of the wireless tele- 
phone. 


A serum made in the Bureau of Animal Industry in connection with 
experiments on Bacillus botulinus, which is suspected of causing “‘forage 
poisoning”’ of horses, was used recently to save the life of one member of 
a family in New York who had been poisoned by spoiled olives. The 
serum was received too late to save the other members of the family. 
Two strains of B. botulinus have been recognized, and both produce 
poisons which have similar effects, but immunization against one does 
not afford immunization against the other. 


Mr. ALBERT HuGH Bryan, chief chemist of the firm of Arbuckle 
Brothers in New York City, and a non-resident member of the ACADEMY, 
died on January 20, 1920, of influenza, in his forty-sixth year. Mr. 
Bryan was born at Indianapolis, Indiana, July 27, 1874. After serving 
two years as assistant chemist of the Indiana Agricultural Experiment 
Station, and about eight years as chemist: of the American Beet Sugar 
Company, he became assistant chemist in the Bureau. of Chemistry, 
U. S. Department of Agriculture, in 1907, and chief of the Bureau’s 
sugar laboratory in 1909. In 1913 he resigned to accept a position with 
Arbuckle Brothers. He made many contributions to the chemistry 
of the sugars, particularly methods of analysis of commercial sugar 
products. He was a member of the Chemical Society, and had been a 
member of the ACADEMY since 1912. 




















SCIENTIFIC NOTES AND NEWS 151 
The National Research Council announces a series of public lectures 
“for the purpose of stimulating interest in broad scientific research, 
and to emphasize the vital connection between so-called scientific and 
industrial research.” ‘The first lecture of the series was delivered at the 
National Museum on February 6 by Mr. JoHN J. Carty, Vice-President 
of the American Telephone and Telegraph Company, and formerly 
colonel in the Signal Corps, U. S. A., and was on the subject of Science 
and the Industries. 

Mr. ARTHUR P. Davis, director and chief engineer of the U. S. 
Reclamation Service, was elected president of the American Society 
of Civil Engineers at its annual meeting in New York City on January 
21, 1920. 

Mr. GILBERT H. GrRoSVENOR, editor of the National Geographic 
Magazine, was elected president of the National Geographic Society 
on January 21, succeeding the late Rear Admiral JoHn E. PILLSBURY. 

Mr. H. H. Kimpa.t, of the Weather Bureau, left Washington in 
February for an extended trip through the West. He expects to re- 
turn about the middle of April. 

Mr. Kent K. KIMBALL, a graduate of the geological department of 
the University of Nebraska, has been appointed a geologic aid in the 
U. S. Geological Survey. 

Mr. JoHN O. LAGORCE, associate editor of the National Geographic 
Magazine, has been elected to the Board of Managers of the Society, 
for the term 1919-1921, succeeding the late Rear Admiral Joun E. 
PILLSBURY. 

Mr. Emory C. LEONARD, of the U. S. National Museum, left Wash- 
ington in February to spend several months in botanical collecting in 
Haiti, in cooperation with Dr. W. L. ABBotr, who is continuing his 
zoological explorations of the region. 

Messrs. WILLIAM R. Maxon and ELLSwortH P. KI..it, of the U. S. 
National Museum, left New York on February 3 to spend the months 
of February and March in botanical explorations in Jamaica. The work 
is made possible by the cooperation of several botanical institutions. 

Dr. SyLvanus G. Mor vey, Research Associate of the Carnegie In- 
stitution of Washington, delivered a lecture under the auspices of the 
Institution on January 23, on the subject, The foremost civilization of 
ancient America. 

Mr. ARTHUR H. REDFIELD, recently engaged in foreign mineral supply 
and tariff problems in the War Trade Board and Department of Com- 
merce, has been appointed mineral geographer in the Section of Foreign 
Mineral Resources of the U. S. Geological Survey. 

Mr. CLypbeE P. Ross, associate geologist, has been transferred from 
the Water Resources Branch to the Coastal Plain Section of the Geologic 
Branch of the U. S. Geological Survey. 
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Mr. J. D. SEARS has been appointed associate geologist on the U. S. 
Geological Survey. He served as geologic aid on the Survey in 1915 
and 1916, and has since been employed by the Sinclair Oil Corporation 
in oil work in Costa Rica and Panama, during which time he surveyed 
the manganese deposits of Panama for the Survey. 

Mr. M. K. SHALER, formerly a geologist of the U. S. Geological 
Survey, who cooperated with Mr. HERBERT HOOVER in Belgian relief 
work during the war and has recently been visiting in the United States, 
returned to Brussels in January to take up again his geological engineer- 
ing work, suspended during the war. 

Dr. RocerR C. Smitu, of the Bureau of Entomology, U. S. Depart- 
ment of Agriculture, resigned in January to accept the position of 
assistant professor of entomology in the Kansas ‘State Agricultural 
College, at Manhattan, Kansas. 

Mr. Homer F. Sraey, of the Bureau of Standards, has been ap- 
pointed editor of the Journal of the American Ceramic Society. 

Mr. W. T. THom, Jr., of the U. S. Geological Survey, has been 
granted leave of absence to spend eight months in Vienna assisting 
in relief work under the auspices of the American Friends’ Service 
Committee. 

Dr. JoHN R. Swanton and Dr. TRUMAN MICHELSON, of the Smith- 
sonian Institution, have recently been made corresponding members 
of the Société des Americanistes de Paris. 

Miss INGEBORG M. TOLL, a graduate of Brown University, has been 
appointed geologic aid in the U.S. Geological Survey, and will work in 
the Section of Foreign Mineral Resources. 

Mr. CHESTER K. WENTWORTH, assistant geologist in the U. S. Geo- 
logical Survey, has been engaged in a survey of the coal fields of Vir- 
ginia in cooperation with the Geological Survey of Virginia. 

Mr. W. P. WooprInc, who has been recently engaged in oil work for 
the Sinclair Corporation in Panama and Costa Rica, has been appointed 
associate geologist on the U. S. Geological Survey and will be engaged 
in a study of the stratigraphy and paleontology of the Gulf and Carib- 
bean regions. 











